Context: Root canal anatomy is evaluated using different methodologies.
INTRODUCTION
Root canal morphology is evaluated using different methodologies, such as staining and clearing techniques, radiographic, cone-beam computed tomography (CT), [1] or microtomographic analysis. [2] [3] [4] Mandibular incisors are commonly used for different analysis, especially considering the number of main and accessory canals. [5] Mandibular incisors are also widely used in endodontic studies because they have flattened and oval canals. The cross-section morphology of the root canal is classified according to the radiographic measurement of the mesiodistal (MD) and buccolingual (BL) diameter ratio (DR): [6, 7] round (similar DR), oval (DR two times larger), long oval (DR up to 4 times larger), flattened (DR 4 or more), and irregulars (undefined values). [7] It has been defined based on different root levels [7] or sections at 1, 2, 3, 4, and 5 mm from the apex (DR ≥2). [6] Mandibular incisors commonly have a single canal [8] and high prevalence of oval root canal [2, 3] been extensively usedto the evaluation of root canal cleaning and preparation using different instruments. [9, 10] Microtomographic analysis has also been widely used to evaluate this morphology, such as root canal preparation, root canal filling, and retreatment protocols. [11, 12] Dentin thickness (DT) of root walls at the different levels is important to the planning of root canal preparation maintaining the root strength. [13] Roots with a MD dimension smaller than the BL are more susceptible to fracture, as observed in maxillary premolars, mesial roots of mandibular molars, and mandibular incisors. [14] Moreover, planning for intracanal posts [15] depends on evaluating the remaining DT. [16] This thickness may be evaluated radiographically, [6] with possible occurrence of distortions due to superimposition of root wall structures. Evaluation using microtomographic analysis obtains precise measurements of this thickness. [2, 17] Considering the importance of root canal morphology and DT of root walls for research protocols and clinical procedures, the aims of this study are to evaluate and classify the root canal shape and dentin wall thicknesses of mandibular incisors and compare radiographic and micro-CT analyses.
MATERIALS AND METHODS
Five hundred and twenty mandibular incisors approved by the Ethics Committee (#699.061) were radiographed (Kodak RVG 6100 Atlanta, GA, USA) in the BL and MD directions to select teeth with single canal, absence of endodontic treatment, and without extensive restorations.
Radiographic analysis
The images obtained were analyzed by CTAn (V1.11.8; SkyScan, Belgium) software, measuring the root canal diameter in the buccal-lingual (BL) and mesiodistal (MD) direction (n = 520). These measurements were made at 9 mm from the apex (middle third) to classify the root canal shape. Using the BL/MD diameter ratio (DR), different classifications were obtained: flattened canals (FL, DR >4); and oval canals (OV, 2≤ DR ≥4) according to Jou et al., [7] ; and an additional classification, with rounded canals (RN, 1.1< DR >2); round (RO, 0.9≤ DR ≥1.1), and with flattening BL (BL, DR <0.9) [ Figure 1a ].
Microtomographic and radiographic analysis
At this stage, a hundred and ten mandibular incisors radiographically classified as oval were subjected to microtomographic scannings using the micro-CT scanner (SkyScan 1176, Bruker-microCT, Kontich, Belgium). The scanning parameters were based on a pilot study and were performed at 70 kV, 353 mA and 360° rotation, and a 0.5° rotation step, resulting in an image with a 17.42-µm voxel size, filter made of aluminum, and duration time of 23 min 14 s.
Thereafter, the images were reconstructed using NRecon (V1.6.4,7; SkyScan, Belgium) software. The adjustment of reconstruction parameters was made to suppress noises. Fine-tuning function enabled set artifact correction values, such as Gaussian filter, beam hardening correction, postalignment, and ring artifact correction.
The resulting images were processed in Data Viewer (V1.5.1.2; SkyScan, Belgium) software, to obtain sagittal sections and were analyzed with CTAn (V1.11.8; SkyScan, Belgium) [ Figure 2a ]. The BL/MD DR and DT of mesial and distal walls of the samples were measured at 3, 6, and 9 mm from the apex [ Figure 2b ], as previously described. These 110 samples were also evaluated radiographically again, with the DR and DT being measured at 3, 6, and 9 mm from the apex.
Statistical analysis
The data obtained were submitted to the ANOVA and Tukey tests and Wilcoxon paired correlation test, at a 5% level of significance.
RESULTS

Radiographic analysis
The 520 mandibular incisors evaluated at 9 mm from the apex were classified: 121 (23.3%) flattened; 215 (41.3%) oval; 142 (27.3%) rounded; 23 (4.5%) round; and 19 (3.6%) with BL flatness. As regards the dentin wall measurements, the thicknesses at 3 and 9 mm from the apex were similar between the different classifications, except for the buccal wall that was greater for flattened canals compared with those considered rounded, both at 3 and at 9 mm [ Table 1 ].
Microtomographic and radiographic analysis
A hundred and ten samples radiographically considered oval were evaluated. A comparison between the values obtained radiographically and by micro-CT analysis was performed. The radiographic DT was greater than that obtained by micro-CT for the mesial and distal walls at 3 and 9 mm (P < 0.05) and was similar at 6 mm (P > 0.05) [ Table 2 ].
With regard to root canal diameters obtained in measurements at 3, 6, and 9 mm from the apex, all the radiographic and micro-CT analyses presented statistically significant difference for BL and MD diameter values (P < 0.05), with exception of the BL diameter at 3 mm, that showed no statistically significant difference (P > 0.05) [ Table 2 ].
Based on the values for the DR at the 3 root levels, the authors reclassified the samples considered oval by the radiographic examination at 9-mm level. Therefore, using micro-CT at 9-mm level, the classification was: 94 (85. 
DISCUSSION
In the present study, high variability of the DR BL/MD was observed using radiographic measurements at 9 mm from the apex. This DR showed values ranging from 0.9 to values higher than 4. The root canal morphology is classified by means of various criteria, and it is normally considered oval when the DR values are over 2. [9] Therefore, considering this variability and the need for standardizing the planning of different studies in endodontics, it was considered: flattened (FL, DR >4) and oval (OV, 2≤ DR ≥4) canals, as previously described, [7] as well as an additional classification: rounded (RN, 1.1< DR >2), round (RO, 0.9≤ DR ≥1.1), and BL flatness (BL, DR <0.9).
The root level used to determine the classification of cross-section morphology of the root canal is variable and frequently not specifically described. [14, 18, 19] The authors observed high variability in the values for DR used in teeth selection, [12, 20] as well as divergence between the classification of oval or flattened canals. [10, 13] This study used specific values to determine the points of measurement for the analysis (3, 6, and 9 mm) to achieve more standardized definition for the different types of studies. Cross-section morphology of the root canal considered oval after radiographic classification at 9 mm from the apex presented other classifications at 3 and 6 mm from the apex, corroborating with previous studies. [17] Moreover, radiographic and microtomographic analyses showed no correlation, demonstrating different classifications between them. Many studies make this measurement in the apical third [4, 13] since an oval morphology is commonly found at 3 mm from the apex. However, at this distance, the authors found higher percentages of samples considered rounded (43.6%) in micro-CT, corroborating with previous study. [2] At 9 mm, a higher correlation to the DR was obtained, with lower variability and a higher prevalence of oval morphology at this point [ Table 3 ]. This higher prevalence of oval classification for mandibular incisors was also reported, varying from 76.2% at 3 mm; [2] 56% at 5 mm; [6] or even 88% from 3 to 5 mm. [11] In the present study, the MD canal diameter at 3 mm was 0.22 mm, corroborating with previous study a constant MD distance in the 3 mm apical measurements, with values between 0.20 and 0.25 mm. [2] In the remaining levels of Table 2 : Analyses of the dentin thickness and canal diameters using radiographic and microtomographic measurements 
CONCLUSION
Oval root canals are predominant in mandibular incisors with a single canal, after radiographic and micro-CT analysis at 9 mm from the apex. In radiographic analysis, DT is similar between the different classifications (i.e., oval, round, and flattened). However, when comparing the radiographic and micro-CT analysis of oval canals, the radiographic mesial and distal thickness is greater at 3 and 9 mm, and the DR values vary according to the root level.
The classification at 9 mm from the apex showed greater proximity between the analyses and must be indicated for root canal classification.
measurement (6 and 9 mm), the MD and BL diameters showed values increasing progressively in the coronal direction [ Table 2 ]. These variations in diameter significantly interfere in the BL/MD DRs of root canals, influencing the distribution of classifications [ Table 3 ].
The mesial and distal DT showed values between 0.9 and 1.0 at 6 mm level, without difference between the radiographic and microtomographic analyses. However, the measurements at 3 and 9 mm showed values between 0.71 and 1.26, with difference between them [ Table 2 ]. The analyses using micro-CT show values closer to real [21] since they eliminate the superimposition of structures. Moreover, it is possible to observe the flattening dentin wall, especially evaluating the sagittal section [ Figure 2 ]. In spite of being a simpler method, radiographic evaluation may show a larger thickness than that obtained by micro-CT, due to this superimposition of structures and distortions of the image. No flattened areas (apical or middle third) were shown in the radiographs, and this may influence planning of apical instrumentation or preparation for intracanal posts. Although radiographic is clinically the most widely used method, microtomography is suggested as a tool for the selection of samples to be used in different studies, especially when specific morphologies are selected, standardizing results with high clinical relevance. A poorer image detail was observed, for example, to cone-beam CT in comparison to micro-CT, with difference when used in the different root thirds. [17] The root wall morphology and structure has a direct influence on planning of root canal preparation [13] and intracanal posts. [15] An incorrect planning may favor microcracks or diminish the strength of the root. Smaller DT may increase susceptibility root fracture. [22] Although fractures predominantly occur in the BL direction, [23] a considerable number of fractures in the MD direction were observed, [24] with different types of cracks and DT values (DT ≤0.3 or DT ≥0.3). Therefore, the proximal DT observed [values ≥0.3 -as demonstrated in Table 2 ] may be used for planning studies about the influence of it on apical instrumentation of the root canal or the use of intracanal posts. [7] **Additional classification proposed. Reclassification according to the BL/MD DR by radiographic and microtomographic analyses at 3, 6, and 9 mm of mandibular incisors samples with root canals radiographically classified as oval at 9 mm from the apex. DR: Diameter ratio, BL: Buccolingual, MD: Mesiodistal, VL: Vestibulolingual
